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Abstract 
 
Two rice (Oryza sativa L.) cultivars differing in chilling sensitivity, Changbaijiu (chilling-tolerant) and Zhongjian 
(chilling-sensitive) were pre-treated with 0.5, 1.0 and 2.0 mM salicylic acid (SA) for 24 h before chilling at 5 °C for 1 d. 
Chilling induced SA accumulation, particularly conjugated SA in both leaves and roots of the two rice cultivars. After 
SA administration, SA accumulated in the roots of both cultivars at a concentration-dependent manner, whereas only a 
slight increase was observed in their leaves. Conjugated SA accounted for most of the increase. The beneficial effect of 
SA treatment on protecting rice seedlings from chilling injury was not observed at any concentration in either cultivar. 
Pre-treatment with SA even decreased their chilling tolerance confirmed by increased electrolyte leakage and lipid 
peroxidation. Further, most of the activities of antioxidant enzymes decreased or remained unchanged in leaves and 
roots of SA pre-treated seedlings after chilling. These results implied that down-regulation of antioxidant defence might 
be involved in the reduction of chilling tolerance in SA-pre-treated plants. 
Additional key words: antioxidant enzymes, lipid peroxidation, Oryza sativa L. 
 
 
Introduction 
 
Salicylic acid (SA) is a natural phenolic compound and 
endogenous signal involved in plant defence responses as 
well as the regulation of plant growth and development 
(Raskin 1992, Dempsey et al. 1999). During recent years, 
SA has received particular attention because of its role in 
modulating plant response to several abiotic stresses, 
such as chilling, heat, drought, salt and ultraviolet 
radiation. It was reported that SA ameliorated the 
damaging effects of heavy metals in rice (Mishra and 
Choudhuri 1999, Guo et al. 2007a) and NaCl stress in 
tomato (He and Zhu 2008), improved the heat-shock 
tolerance of mustard and tobacco plants (Dat et al. 1998a, 
2000), increased chilling tolerance of maize, cucumber, 
wheat, bean, tomato and banana (Janda et al. 1999, 
Senaratna et al. 2000, Ding et al. 2002, Kang and Saltveit 
2002, Kang et al. 2003, Tasgin et al. 2003). However, 
reverse reports also exist. Pre-treatment with 0.5 mM SA 

decreased drought tolerance in maize (Németh et al. 
2002) and spring wheat (Horváth et al. 2007) and reduced 
freezing tolerance of winter wheat (Horváth et al. 2007). 
Further, SA-deficient Arabidopsis expressing NahG gene 
exhibited higher tolerance to NaCl and osmotic stress 
than wild-type plants (Borsani et al. 2001). Apparently, 
SA has broad but divergent effects on stress acclimation 
or damage development of plants (Metwally et al. 2003).  
 Among all plants surveyed, rice leaves have the highest 
endogenous SA content (Raskin et al. 1990, Silverman et 
al. 1995), but rice roots have very low contents of SA 
(Chen et al. 1997). In contrast to tobacco, cucumber and 
Arabidopsis, in which endogenous contents of SA and its 
conjugates increase immediately after pathogen infection 
(Malamy et al. 1990, Métraux et al. 1990, Rasmussen et 
al. 1991, Uknes et al. 1993), little or no change in SA 
content is found in rice seed-lings after inoculation with  
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bacterial or fungal pathogens (Silverman et al. 1995). On 
the other hand, although exogenous application of SA or 
its analogues activate PR gene expression and systemic 
acquired resistance in tobacco and Arabidopsis (Ryals et 
al. 1996), SA is a poor activator of PR gene expression in 
rice and can not induce disease resistance. Thus, based on 
their data and previous studies in rice, tobacco, 
Arabidopsis, and other plants, Yang et al. (2004) divided 
the plants into SA-sensitive and SA-insensitive species. 
They proposed that in SA-insensitive plants such as rice, 
SA may play an important role on modulating redox 
balance and protect plants from oxidative damage caused 
by various biotic and abiotic factors, but cannot be an 
effective secondary signal for activation of defence genes 
and induced resistance. 
 Rice plants are prone to be injured at seedling stage 
when they are grown in early spring in temperate or 

subtropical environments. Low-temperature effects on 
rice seedlings can be manifested as poor germination, 
slow growth, discoloration or yellowing, withering after 
transplanting, reduced tillering, and stunted growth 
(Kaneda and Beachell 1974). In order to further investi-
gate the role of SA on protecting rice seedlings from 
chilling injury occurred at the three leaf stage, the 
experiments were conducted on two rice cultivars with 
different chilling sensitivity. The objective of this study 
was 1) to determine whether chilling exposure could 
induce SA accumulations in rice plants, 2) to examine the 
effects of exogenous SA application on the endogenous 
SA levels, 3) to compare the effects of SA on inducing 
chilling tolerance in the two rice cultivars with different 
chilling sensitivity, and 4) to investigate the role of SA on 
modulating redox balance through activation of 
antioxidant enzymes under chilling stress. 

 
 
Materials and methods 
 
Plants and growth conditions:  Sterilized seeds of rice 
(Oryza sativa L.) cv. Changbaijiu (chilling-tolerant) and 
cv. Zhongjian (chilling-sensitive) were germinated at 
32 °C for 48 h in the dark, then, the seedlings were grown 
in a nutrient solution in a growth chamber (Sanyo  
MLR-350HT, Tokyo, Japan) with a 16-h photoperiod, 
day/night temperature of 27/22 °C, irradiance of  
250 μmol m-2 s-1 and relative humidity of 80 % as 
previously described by Makino et al. (1988).  
 Uniform seedlings at the three-leaf stage were 
selected for the experiments. Some of them were pre-
treated with different concentrations (0.5, 1.0, 2.0 mM) of 
SA (Fluka, USA) which were added to the solution for 24 
h. Then, SA-pre-treated plants and control plants were 
chilled at 5 °C for 24 h under the same irradiance and 
photoperiod. The third leaves and roots of the seedlings 
were harvested for chilling injury determination, SA 
analysis and antioxidant enzyme assay. 
 
Measurement of electrolyte leakage and lipid 
peroxidation: The electrolyte leakage was determined 
according to the method described by Guo et al. (2007b) 
with some modifications. Rice leaves or roots were cut 
into 1 cm segments and immersed in 9 cm3 deionized 
water and after 20 min the initial conductivity was 
determined using a conductivity meter (Hanna EC215, 
Padova, Italy). The conductivity was determined again 
after the tubes were placed in boiling water for 5 min, and 
cooled to room temperature. The relative electrolyte 
leakage was calculated as the ratio of conductivity before 
boiling to that after boiling.  
 Lipid peroxidation was estimated by measuring the 
amount of thiobarbituric acid reactive substances 
(TBARS) according to the method described by Heath 
and Packer (1968).  
 

Analysis of SA: Free and conjugated SA were 
determined according to the method of Palva et al. (1994) 
and Li et al. (1997) with some modifications. Rice roots 
or leaves were ground into a fine powder with liquid 
nitrogen. Then 0.5 g of the leaf or root powder was 
homogenized with 3.5 cm3 pre-cooled 80 % ethanol. The 
extracts were centrifuged at 10 000 g for 10 min. The 
pellet was resuspended in 2 cm3 of 80 % ethanol and 
reextracted at 10 000 g for another 10 min. The super-
natants from both extractions were combined and 
evaporated to one-tenth of the original volume in a rotary 
evaporator (Eyela N-1001, Tokyo, Japan) at 45 °C. The 
remnant was diluted with 4 cm3 2 % (m/v) meta-
phosphoric acid and then partitioned three times with  
2 cm3 ethyl acetate. The top organic phases containing 
free SA were pooled and dried under nitrogen. The 
remaining aqueous phases containing conjugated SA 
were adjusted to 1 M HCl and heated at 80 °C in a sealed 
tube for 1 h to release free SA from acid-labile 
conjugated forms. The released free SA was then 
partitioned as described above. Extracts were then 
redissolved in 4 cm3 70 % methanol and passed through a 
Supelclean ENVI-18 cartridge (Supelco, Bellefonte, USA). 
The eluted fraction was dried in a rotary evaporator 
(Eyela N-1001) at 45 °C and redissolved in 0.2 cm3 of 
HPLC mobile phase (45 % methanol solution containing 
0.02 % H3PO4). Samples were analyzed on a high-perfor-
mance liquid chromatograph (Dionex, Sunnyvale, USA) 
equipped with a P680 HPLC Pump, thermostated column 
compartment TCC-100 and a photodiode array PAD-100 
detector. A 0.01 cm3 aliquot per sample was injected into 
a 5 μm Kromasil (Bohus, Sweden) 100-5C18 column 
(250 × 4.6 mm i.d.) run at 40 °C with an isocratic flow 
rate of 0.6 cm3 min-1. The detection wavelengths were  
205 and 310 nm.  
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Assays of antioxidant enzymes: Both the leaves and 
roots were harvested and ground using liquid nitrogen. 
The 0.3 g of powder was homogenized under ice-cold 
conditions in 1.5 cm3 reaction mixture composed of  
100 mM phosphate buffer (pH 7.6), 1.0 mM EDTA, 
0.3 % (v/v) Triton X-100, 1 % (m/v) PVPP and 1 mM 
ascorbic acid (AsA). The homogenate was centrifuged at 
12 000 g for 20 min. The supernatant was used for 
enzyme assays. 
 Ascorbate peroxidase (APX; EC 1.11.1.11) was 
assayed by monitoring the oxidation of AsA at 290 nm 
(coefficient of absorbance, ε = 2.8 mM-1 cm-1) according 
to the method of Nakano and Asada (1981). Catalase 
(CAT; EC 1.11.1.6) activity was assayed as a decrease of 
absorbance at 240 nm (ε = 0.04 mM-1 cm-1) due to the 
consumption of H2O2, by the method of Knörzer et al. 
(1996). The activity of glutathione reductase (GR; EC 
1.6.4.2) was determined according to the method of 
Grace and Logan (1996). The decrease in absorbance at 
340 nm (ε = 6.2 mM-1 cm-1), as a result of oxidation of 
NADPH, was determined. Guaiacol peroxidase (GPX;  
 

EC 1.11.1.7) activity was determined as the increase in  
absorbance at 470 nm following the formulation of 
tetraguaiacol (ε = 26.6 mM-1 cm-1), according to the 
method of Britton and Maehly (1955). Superoxide 
dismutase (SOD; EC 1.15.1.1) activity assay was based 
on the method of Beyer and Fridovich (1987). The 
photochemical reduction of nitroblue tetrazolium (NBT) 
at 560 nm was measured and 1 unit of SOD activity is 
defined as the amount of enzyme required inhibiting the 
photoreduction of NBT by 50 %. Protein content was 
determined according to the method of Bradford (1976) 
using BSA as a standard.  
 
Statistical analysis: All the data presented here are based 
on two independent experiments with similar results. 
Each experiment was conducted with three different pots 
for the same treatment. Values presented were mean ± SE 
for three replicates. To assess the statistical significance 
of treatment differences, a one-way analysis of variance 
(ANOVA) followed by the least significant difference 
(LSD) comparison at different levels was employed.  

 
Results  
 
After 1 d of chilling at 5 °C, Zhongjian seedlings seemed 
more withered than Changbaijiu seedlings. The 
electrolyte leakage in both leaves and roots of Zhongjian 
also increased to a greater extent (385 and 41 %) after 
chilling exposure than in Changbaijiu (277 and 15 %), 
suggesting more severe cold injury occurred in chilling-
sensitive rice cultivar (Table 1). This observation was 
confirmed by lipid peroxidation estimations. The TBARS 
content increased markedly in Zhongjian leaves whereas 
it remained unchanged in Changbaijiu leaves (Table 1). 
 Generally, there are no obvious differences in 
endogenous SA contents between the two rice cultivars 
despite their different chilling sensitivity (Table 1). Under 
normal growth conditions, low contents of free and 
conjugated SA were observed in roots of both rice  
 

cultivars, but their leaves contained more SA, especially 
its free forms. After chilling at 5 °C for 24 h, both free 
and conjugated SA contents increased significantly in 
roots and leaves of either cultivar except that free SA 
content remained unchanged in leaves of Changbaijiu 
(Table 1). The conjugated SA increased to a greater 
extent than the free forms in both roots and leaves of each 
cultivar. The magnitude of SA accumulation in Zhongjian 
seedlings was higher than that in Changbaijiu seedlings. 
 In the roots, both free and conjugated SA levels 
increased dramatically after SA pre-treatment in a dose-
dependent manner in either cultivar (Table 2). However, 
in the case of leaves, for Changbaijiu, SA application had 
almost no effect on free SA content but increased 
conjugated SA contents by 72, 23 and 34 % at concen- 
 

Table 1. Relative electrolyte leakage, TBARS, free SA and conjugated SA contents in leaves and roots of Changbaijiu and Zhongjian 
under control (27/22 °C) and chilling conditions (24 h at 5 °C). Means ± SE, n = 3. Asterisks indicate significant differences from 
controls (* - P < 0.05, ** - P < 0.01, *** - P < 0.001). 
 

Parameters Treatments Leaf  Root  
  Changbaijiu Zhongjian Changbaijiu Zhongjian 

Relative electrolyte leakage [%] control   2.46 ± 0.12   2.83 ± 0.42 17.35 ± 0.43   8.97 ± 0.95 
 chilling   7.43 ± 1.47* 13.75 ± 0.32** 20.01 ± 0.94 12.66 ± 0.23* 
TBARS content [nmol g-1(d.m.)] control 33.67 ± 1.48 23.40 ± 2.50 54.11 ± 1.07 37.79 ± 1.49 
 chilling 29.58 ± 3.97 34.92 ± 7.12* 49.45 ± 2.55 34.99 ± 7.87 
Free SA content [µg g-1(d.m.)] control 15.56 ± 0.31 12.98 ± 0.43   2.82 ± 0.46   4.48 ± 0.68 
 chilling 13.67 ± 0.96 17.42 ± 0.25***   6.60 ± 0.76*   8.03 ± 0.83* 
Conjugated SA content [µg g-1(d.m.)] control   9.37 ± 0.22   5.53 ± 0.33   2.94 ± 0.44   3.95 ± 0.27 
 chilling 17.61 ± 1.53** 25.40 ± 1.90*   9.34 ± 1.38* 23.73 ± 5.95* 
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Table 2. Endogenous SA content [µg g-1 (f.m.)] in leaves and roots of Changbaijiu and Zhongjian after pre-treatment with different 
concentrations of SA for 24 h. Means ± SE, n = 3. Asterisks indicate significant differences from controls (* - P < 0.05,  
** - P < 0.01, *** - P < 0.001). 
 

Cultivar SA Leaf   Root   
 [mM] free SA conjugated SA total SA free SA conjugated SA total SA 

Changbaijiu 0.0  2.96 ± 0.06 1.78 ± 0.04   4.75 ± 0.10   0.25 ± 0.04     0.27 ± 0.04     0.52 ± 0.08 
 0.5  3.06 ± 0.15 3.16 ± 0.03***   6.21 ± 0.16**   3.13 ± 0.08***   34.92 ± 1.12**   38.05 ± 1.11*** 
 1.0  2.76 ± 0.23 2.24 ± 0.08**   5.00 ± 0.18   3.24 ± 0.20*** 148.09 ± 5.90*** 151.34 ± 5.90*** 
 2.0  2.83 ± 0.21 2.38 ± 0.07***   5.22 ± 0.28   5.15 ± 0.16*** 163.08 ± 5.17*** 168.23 ± 5.33*** 
Zhongjian 0.0  2.85 ± 0.09 1.21 ± 0.07   4.06 ± 0.13   0.28 ± 0.04     0.25 ± 0.02     0.53 ± 0.05 
 0.5  3.38 ± 0.17 1.47 ± 0.11   4.82 ± 0.31   2.44 ± 0.27 118.50 ± 4.74*** 117.28 ± 5.96*** 
 1.0  2.87 ± 0.10 3.45 ± 0.25***   6.32 ± 0.26**   2.72 ± 0.06* 214.12 ± 4.50*** 216.84 ± 4.54*** 
 2.0  6.73 ± 0.28*** 3.52 ± 0.13*** 10.25 ± 0.38*** 16.94 ± 0.98*** 253.44 ± 0.15*** 271.20 ± 0.91*** 

 
 
Table 3. The effects of SA pre-treatment on relative electrolyte leakage [%] and TBARS content [nmol g-1 (d.m.)] in leaves and roots 
of Changbaijiu and Zhongjian under chilling conditions. Means ± SE, n = 3. Asterisks indicate significant differences from controls 
(* - P < 0.05, ** - P < 0.01, *** - P < 0.001). 
 

Cultivar SA Leaf  Root  
 [mM] electrolyte leakage TBARS content electrolyte leakage TBARS content 

Changbaijiu 0.0    7.43 ± 1.47 29.58 ± 3.97 20.01 ± 0.94 49.45 ± 2.55 
 0.5  12.51 ± 0.44 31.28 ± 4.00 27.74 ± 0.61* 53.00 ± 2.22 
 1.0  23.30 ± 6.40* 40.85 ± 4.04 29.69 ± 1.84** 53.32 ± 5.37 
 2.0  37.87 ± 3.46** 39.18 ± 2.51 31.70 ± 3.15** 58.78 ± 4.39 
Zhongjian 0.0  13.75 ± 0.32 34.92 ± 3.56 12.66 ± 0.23 34.99 ± 7.87 
 0.5  28.24 ± 4.17* 36.44 ± 0.48 18.95 ± 1.53 51.03 ± 2.77 
 1.0  46.28 ± 0.66*** 38.09 ± 1.86 20.22 ± 0.94* 48.36 ± 4.13 
 2.0  53.23 ± 1.38*** 42.55 ± 1.70* 22.42 ± 1.28** 48.55 ± 4.76 

 
trations of 0.5, 1.0 and 2.0 mM, respectively. The same 
held true for Zhongjian leaves. No major changes in the 
content of free SA occurred at 0.5 mM and 1.0 mM SA, 
whereas 2.0 mM SA enhanced free SA content by 136 % 
as compared with the control plants. The content of 
conjugated SA in Zhongjian leaves also increased with 
the concentrations of SA applied. 
 It seemed that SA pre-treatment at any concentration 
had no effects on alleviating chilling injury symptoms in 
the rice cultivars used in this experiment. Both 
Changbaijiu and Zhongjian seedlings pre-treated with SA 
were even more withered as compared with their 
respective control plants under chilling conditions. After 
being chilled at 5 °C for 24 h, the relative electrolyte 
leakage increased significantly in both leaves and roots of 
either cultivar pre-treated with SA (Table 3). It seemed 
that SA pre-treatment elevated electrolyte leakage in a 
concentration-dependent manner under chilling condi-
tions. However, under normal growth conditions, SA did 
not affect the values of relative electrolyte leakage in rice 
seedlings at any concentration (data not shown). Further, 
after being pre-treated with SA, Zhongjian seedlings 
withered more rapidly than Changbaijiu seedlings when 

exposed to chilling. 
 After application of different concentrations of SA, 
both the leaves and roots of each cultivar exhibited an 
uptrend tendency in TBARS content, however, stati-
stically significant increase in TBARS content was 
observed only in the Zhongjian leaves pre-treated with 
2.0 mM SA under chilling (Table 3).  
 At normal growth conditions, the activities of CAT 
and GR increased in a dose-dependent manner, while the 
activities of GPX and SOD remained unchanged after SA 
treatment in roots of both cultivars (Table 4). In addition, 
a dramatic increase in APX activity was observed in roots 
of Changbaijiu pre-treated with 2.0 mM SA, but not in 
roots of Zhongjian (Table 4). In the case of leaves, pre-
treatment with SA had no effect on the activities of GPX, 
GR and SOD in either cultivar at any concentration, but 
SA pre-treatment elevated CAT activity in leaves of 
Changbaijiu by 19 % at the concentration of 2.0 mM, and 
reduced APX activity in leaves of Zhongjian by 23 and 
16 % at the concentration of 0.5 and 1.0 mM, respectively. 
The activity of APX in Changbaijiu leaves and that of 
CAT in Zhongjian leaves remained unchanged after SA 
pre-treatment. 
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Table 4. The effects of SA pre-treatment on APX, CAT, GPX, GR and SOD activities in leaves and roots of Changbaijiu and 
Zhongjian under normal growth conditions. Means ± SE, n = 3. Asterisks indicate significant differences from controls (* - P < 0.05, 
** - P < 0.01, *** - P < 0.001). 
 

SA Leaf Root 
 [mM] Changbaijiu Zhongjian Changbaijiu Zhongjian 

APX activity  0.0   0.28 ± 0.03   0.42 ± 0.02     1.44 ± 0.08     2.57 ± 0.09 
[µmol mg-1 (protein) min-1] 0.5   0.29 ± 0.02   0.32 ± 0.12*     1.57 ± 0.06     2.59 ± 0.05 
 1.0   0.26 ± 0.01   0.35 ± 0.01*     1.66 ± 0.07     2.59 ± 0.15 
 2.0   0.27 ± 0.01   0.38 ± 0.02     1.82 ± 0.09**     2.49 ± 0.07 
CAT activity  0.0 12.49 ± 0.72 19.37 ± 0.38   13.63 ± 0.96   60.61 ± 0.84 
[µmol mg-1 (protein) min-1] 0.5 12.55 ± 0.15 18.52 ± 0.77   12.68 ± 0.63   67.60 ± 1.55* 
 1.0 11.98 ± 0.31 17.95 ± 1.04   13.42 ± 0.47   65.59 ± 2.04 
 2.0 14.81 ± 0.19** 18.74 ± 0.29   21.58 ± 0.37***   72.40 ± 0.97** 
GPX activity 0.0   0.16 ± 0.01   0.56 ± 0.03     3.93 ± 0.12   10.69 ± 0.74 
[µmol mg-1 (protein) min-1] 0.5   0.17 ± 0.01   0.57 ± 0.01     4.39 ± 0.34   11.56 ± 0.51 
 1.0   0.15 ± 0.01   0.55 ± 0.03     4.39 ± 0.29     9.71 ± 0.41 
 2.0   0.18 ± 0.01   0.62 ± 0.02     3.88 ± 0.28   10.48 ± 0.49 
GR activity 0.0 62.64 ± 1.90 74.23 ± 3.91 132.02 ± 8.57   97.46 ± 1.56 
[nmol mg-1 (protein) min-1] 0.5 65.48 ± 1.55 74.83 ± 7.96 147.31 ± 12.3 127.70 ± 3.43 
 1.0 59.96 ± 1.20 64.96 ± 1.63 169.60 ± 4.75* 174.19 ± 11.1** 
 2.0 69.09 ± 2.82 61.99 ± 6.63 181.57 ± 1.79** 175.56 ± 16.3** 
SOD activity  0.0   6.53 ± 0.28   4.98 ± 0.14   18.43 ± 2.83     6.66 ± 0.86 
[unit mg-1 (protein)] 0.5   6.76 ± 0.33   5.20 ± 0.60   21.31 ± 0.58     7.23 ± 1.89 
 1.0   6.28 ± 0.31   4.61 ± 0.33   20.31 ± 2.00     5.72 ± 0.27 
 2.0   5.69 ± 0.27   5.15 ± 0.28   16.15 ± 1.23     6.45 ± 0.36 

 
 
Table 5. The effects of SA pre-treatment on the APX, CAT, GPX, GR and SOD activities in leaves and roots of Changbaijiu and 
Zhongjian under chilling conditions. Means ± SE, n = 3. Asterisks indicate significant differences from controls (* - P < 0.05,  
** - P < 0.01, *** - P < 0.001). 
 

SA Leaf Root 
 [mM] Changbaijiu Zhongjian Changbaijiu Zhongjian 

APX activity  0.0   0.27 ± 0.01   0.39 ± 0.02     2.68 ± 0.11        1.65 ± 0.10 
[µmol mg-1 (protein) min-1] 0.5   0.25 ± 0.01   0.23 ± 0.01***     2.07 ± 0.07**     1.41 ± 0.09 
 1.0   0.23 ± 0.01   0.23 ± 0.01***     2.02 ± 0.06**     1.59 ± 0.07 
 2.0   0.28 ± 0.01   0.26 ± 0.02***     2.18 ± 0.06*     1.61 ± 0.04 
CAT activity  0.0   8.51 ± 0.35 20.02 ± 0.60   30.29 ± 1.71   67.93 ± 1.42 
[µmol mg-1 (protein) min-1] 0.5   2.90 ± 0.27*** 14.95 ± 1.13**   22.12 ± 0.64**   70.99 ± 2.19 
 1.0   3.38 ± 0.29*** 13.62 ± 0.31***   20.27 ± 0.78***   68.74 ± 1.56 
 2.0   5.46 ± 0.13*** 15.47 ± 0.48**   27.40 ± 0.54   70.89 ± 4.03 
GPX activity 0.0   0.32 ± 0.01   0.49 ± 0.02     8.11 ± 0.02   10.24 ± 0.31 
[µmol mg-1 (protein) min-1] 0.5   0.33 ± 0.05   0.42 ± 0.02     7.95 ± 0.91     8.11 ± 0.41** 
 1.0   0.32 ± 0.03   0.40 ± 0.02     8.47 ± 1.47     8.89 ± 0.38* 
 2.0   0.39 ± 0.01   0.44 ± 0.03     8.66 ± 0.65     8.29 ± 0.33** 
GR activity 0.0 63.44 ± 1.10 50.25 ± 2.89 139.14 ± 4.58 138.02 ± 7.90 
[nmol mg-1 (protein) min-1] 0.5 60.97 ± 1.82 54.06 ± 0.50 142.07 ± 11.33 146.93 ± 11.04 
 1.0 71.39 ± 6.20 60.67 ± 2.44 151.38 ± 13.17 150.37 ± 5.93 
 2.0 82.85 ± 4.05** 56.84 ± 7.16 163.37 ± 3.35 152.60 ± 5.79 
SOD activity  0.0   5.07 ± 0.04   5.69 ± 0.44   16.00 ± 2.19     6.28 ± 0.31 
[unit mg-1 (protein)] 0.5   4.93 ± 0.21   4.66 ± 0.31   13.35 ± 1.31     7.48 ± 0.63 
 1.0   5.02 ± 0.10   4.32 ± 0.05   13.05 ± 1.56     8.73 ± 0.79 
 2.0   5.06 ± 0.24   4.45 ± 0.70   10.37 ± 1.43     7.11 ± 1.23 
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 Under chilling conditions, SA pre-treatment reduced 
the activities of APX and CAT significantly in roots of  
Changbaijiu, while in Zhongjian roots, GPX activity was 
reduced remarkably by SA pre-treatment (Table 5). As 
for GR and SOD, no major change was detected in the 
roots of either cultivar pre-treated with SA. In the case of 

SA pre-treated leaves, CAT activity decreased signi-
ficantly in both cultivars, while APX activity decreased 
only in Zhongjian leaves. It is worth noting that a 31 % 
increase in GR activity was observed in leaves of 
Changbaijiu after 2.0 mM SA pre-treatment. 

 
 
Discussion  
 
It has been reported that both biotic and abiotic stress can 
cause SA accumulations in many plant species. After 
pathogen inoculation, large amounts of SA was accu-
mulated in cucumber, tobacco and Arabidopsis (Malamy 
et al. 1990, Métraux et al. 1990, Rasmussen et al. 1991, 
Uknes et al. 1993). Ozone, low temperature and salinity 
can also stimulate SA accumulations in tobacco and 
Arabidopsis (Yalpani et al. 1994, Scott et al. 2004). 
However, in the case of rice, the situation is somewhat 
complicated. No major change in SA content was 
detected following infection by either bacterial or fungal 
pathogens (Silverman et al. 1995, Yang et al. 2004), 
whereas NaCl treatment obviously increased SA contents 
in rice seedlings as compared with the control (Shim et al. 
2003, Sawada et al. 2006). The present results showed 
that chilling, like salinity, also significantly induced SA 
accumulations in both the leaves and roots of the rice 
plants. Further, conjugated SA accounted for most of the 
increase, as in other stresses (Yalpani et al. 1994, Sharma 
et al. 1996, Chamnongpol et al. 1998, Dat et al. 1998b, 
Scott et al. 2004).  
 Although free forms of SA were added to hydroponic 
cultures, conjugated SA rather than free SA increased to a 
greater extent in the roots of both rice cultivars (Table 3). 
These results implied that the rice roots efficiently 
absorbed SA from hydroponic solutions, and quickly 
converted it to conjugate forms. This might be due to the 
activation of SA-glucosyltransferase by exogenous SA 
application (Silverman et al. 1995). On the other hand, 
after SA pre-treatment, large amounts of SA accumulated 
in the rice roots but not in their leaves. The SA contents 
in pre-treated roots were 1 to 2 orders of magnitude 
higher than that in the leaves. Thus, it was likely that SA 
absorbed by the roots might not be easily transported 
from the roots to the leaves. 
 In recent years，the beneficial effects of SA treat-
ment on cold tolerance have been described in maize and 
wheat (Janda et al. 1999, Tasgin et al. 2003), bean 
(Senaratna et al. 2000), cucumber (Kang and Saltveit 
2002), tomato (Senaratna et al. 2000, Ding et al. 2002), 
banana (Kang et al. 2003), and Persian lilac (Bernard  
et al. 2002). However, in this study, no obvious 
alleviation of chilling injury was observed in either rice 
cultivar after pre-treatment with SA. Moreover, SA pre-

treatment even exacerbated the chilling injury occurred at 
the three leaf stage of the rice seedlings. It has been 
demonstrated in many plant species that the protection 
effects caused by SA were due to up-regulation of 
antioxidant capacity. The results obtained from banana 
suggested that SA pre-treatment could directly or 
indirectly activate antioxidant enzymes during chilling 
stress (Kang et al. 2003). Kang and Saltveit (2002) also 
reported that the chilling tolerance induced by SA in 
maize and cucumber shoots was associated with increases 
in the activity of GR and GPX. In the present study, SA 
pre-treatment enhanced the activities of GR and CAT in 
both rice roots under normal growth conditions. However, 
the increments were absent when SA pre-treated plants 
were exposed to chilling conditions. Namely, the activity 
of almost all the enzymes declined or remained 
unchanged. Hence, we suggested that decreased anti-
oxidant defence ability appeared to be involved in the 
reduction of chilling tolerance in SA pre-treated plants. 
 Research on Arabidopsis SA overproduction mutants 
showed that elevated SA level increased O2˙⎯ production, 
leading to programmed cell death and hypersensitivity to 
ozone (Rao and Davis 1999). More recent studies in rice 
suggested that excessive accumulation of SA induced by 
high concentrations of NaCl treatment can interrupt the 
balance between H2O2 generation and scavenging, 
resulting in oxidative injury (Sawada et al. 2006). These 
results suggested that high levels of SA multiply reactive 
oxygen species (ROS) generation and potentiate 
activation of an oxidative burst under stress. Therefore, 
optimal concentrations of SA are required to achieve 
maximum induction of defence responses and to mini-
mize the adverse influence of stress (Rao and Davis 
1999). Our results that increased chilling injury occurred 
in rice plants which accumulated extremely high SA 
contents after SA pre-treatment supported this view. 
Further, when our results are combined with previous 
results that exogenous SA failed to induce disease 
resistance not only in rice plants, but also in potato, 
another plant species with high endogenous SA content, 
it is likely that the response pattern of plants with high 
basal SA content to exogenous SA might be different 
from that of the plants with relatively low basal SA 
content. 
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